Introduction

27
Gasoline Direct Injection (GDI) engines are fuel efficient and contribute to the reduction of 28 carbon dioxide (CO 2 ) when compared to port fuel injection engines. The reasons are increased 29 compression ratio by the charge cooling effect of the direct fuel injection, lower pumping losses, 30 higher volumetric efficiency and more accurate injection control [1] . GDI engines also reduce 31 pre-ignition and knock tendency as the compression temperatures are lower, and thus an enhancement 32 in thermal efficiency by a reduction of heat losses can be achieved [2] . On the other hand, GDI 33 engines have reported to increase the concentration of the Particulate Matter (PM) emissions [3, 4] . 34
The main sources of PM formation in GDI engines are identified as fuel piston wetting, injector fuel 35 deposits and inadequate air-fuel mixing. Consequently, the diffusive combustion of rich-in-fuel areas 36 promotes PM formation [5, 6] , and also wall wetting by fuel impingement also produces an increment 37 of unburned hydrocarbons (HCs) and carbon monoxide (CO) due to a significant grade of incomplete 38 combustion [7, 8] . For this reason, emission standards such as Euro 6c, which includes a strict limit of 39 6x10 11 particles per kilometer and comes into force in September 2017 [9] , are boosting the 40 development of new technologies to reduce emissions in GDI. 41
A feasible short-to-midterm solution for addressing additional emissions reduction with a 42 decreased in the demand of high quality fossil fuels is to use renewable bio-alcohols fuels such as 43 severity of knock in GDI engines [22] , enabling to advance the spark timing that improves the 74 combustion phasing and therefore, increasing the engine work output and the thermal efficiency [29] . 75
However, EGR addition slows down the combustion speed, leading to prolonged combustions that 76 occurs over a greater proportion of engine cycle, thereby, worsening combustion stability [30] . 77
In terms of emissions, EGR is reported to improve regulated emissions except for THC, mainly 78 due to the high EGR heat capacity that reduces the HC oxidation rate and may cause engine to misfire 79 when high EGR rates are used [29, 31] . The effect of EGR on particle emissions in GDI engines has 80 been also reported. Depending on the engine condition and EGR ratio, some authors have reported 81 that EGR addition increases the accumulation mode of particles and reduce nucleation mode 82 (medium loads) [32] . This effect was attributed to the lower in-cylinder temperature that reduced the 83 soot oxidation rate. This effect appeared to be more significant than the decreased in primary carbon 84 particles formed by thermal pyrolysis and dehydrogenation reaction of fuel vapor droplets, and thus, 85 the accumulation mode is increased. However, other authors have found the opposite effect, with 86 reduced accumulation mode and increased nucleation mode when EGR ratio was higher than 12% [22, 87 32] . It was attributed to the low in-cylinder temperature that limited the primary particle formation by 88 thermal pyrolysis and dehydrogenation. Additionally, the abruptly increased in HC, which are highly 89 related to nucleation mode, promoted further the increment of small particles and consequently, the 90 reduction in accumulation mode relatively to nucleation mode. Others have found reduction of 46% 91 and 90% in particle number (PN) and solid particle number, respectively, at high load and slightly 92 rich condition that simulate the transient engine conditions with cooled EGR [33] . 93
Although, the use of alcohols for replacing gasoline in the GDI engines has been studied, there is 94 still a need to better understand the behavior and the potential benefits of butanol fuel in these engines 95 in terms of emissions reduction and combustion performance. The aim of this investigation is to 96 assess and to further the understanding on the effect of the utilization of high butanol fraction blends 97 on combustion characteristics, gaseous and particulate matter emissions in GDI engines. The 98 potential benefits of high-diluted combustion process with EGR are also investigated in conjunction 99 emissions (CO, CO 2 , NOx and THC). The sample was previously filtered to avoid potential damage 124 of the optical lenses by PM, and pumped via a heated line maintained at 190°C to prevent any water 125 and HC condensation. The EGR ratio was determined using eq.1 by utilising an AVL Digas 440 126 non-dispersive infrared analyzer, to measure the CO 2 concentration at the intake and exhaust. 127
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Particle size distribution measurements were carried out using a TSI scanning mobility particle 128 size composed by a series 3080 electrostatic classifiers, a 3081 Differential Mobility Analyzer and a 129 3775 Condensation Particle Counter. The sample flow and the sheath flow were set to 1 and 10 lpm 130 respectively. The distribution ranged from 7.5 to 294 nm. The sampling point was located pre-three 131 way catalyst (TWC). To prevent HCs and water condensation, the line temperature was also 132 maintained at 190 ℃ during the test. The samples were then diluted with air at a dilution ratio of 7-8, 133
using an ejector diluter system, fitted with a high efficiency particulate arrestance filter to 134 precondition the sample. 135 For the PM primary particles analysis 3.05mm TAAB Formvar coated cooper grids were used to 142 obtain the sample. The grids were directly exposed in the engine exhaust pipe before the three-way 143 catalyst. A JEOL 1200EX TEM LaB6 80keV operating voltage was used to obtain the micrographs 144 for primary particle analysis. 145
Experimental Procedure
146
The engine was operated at two steady-state conditions from the New European Driving Cycle 147 for a mid-size/large family vehicle with 2L engine under urban driving operation: a) 35Nm/2100rpm 148 (low load) and b) 60Nm/2100rpm (medium load). Butanol-gasoline fuel was blended at the 149 University of Birmingham using standard EN228 gasoline with 5% (v/v) ethanol content (B0) and 150 pure n-butanol was used in the process. The fuel characteristics are listed in Table 2 . 151 
153
The blend chosen was 33% v/v (B33) of butanol in EN228 commercial gasoline containing 5% 154 of ethanol. An IKA C200 calorimeter was used to measure the lower heating value of B33. The result 155 repeatability, with a maximum relative standard deviation of 0.1% between the measurements. 157
The spark timing was varied to phase the MFB50% to the one obtained for baseline gasoline for 158
Maximum Brake Torque (8± 1.5 CAD aTDC timing) for comparison purposes (Table 3) . Camshaft 159 timings were fixed at short overlap setting to avoid the presence of residuals in the combustion 160 chamber (IVO 11 CAD bTDC and EVC 8 CAD aTDC). The effect of butanol on gasoline was studied 161 under the influence of external EGR. The conditions must satisfy the constrain of remaining COV of 162 IMEP below 3% at maximum EGR, which is a reasonable measurement of a modern engine stable 163 operation [35] . Prior to the test, the engine was warmed up, starting the measurement at 95±0.5 ᵒC for 164 coolant and 95±2 ᵒC for oil. The intake air temperature was maintained at 45±1 ᵒC throughout the 165 experiment to reduce the test-to-test variability. Otherwise, the standard Engine Control Unit (ECU) 166 calibration settings were used such as injection timing. Confidence intervals using a 95% confidence 167 level, which reflects the reliability and repeatability, have been calculated for gaseous emissions. All 168 experiments were conducted on the same day for each condition to reduce the effect of day-to-day 169 variability of the engine and emissions equipment on the results obtained. 170 The study of the primary particle diameters (dp 0 ) for B33 and gasoline fuels where carried out at 173 60Nm/2100rpm. For the analysis of dp 0 , manual measurements were performed, although it was only 174 measured the apparently identifiable primary particles were measured. The recognition of the primary 175 particles boundaries is somewhat subjective, and can lead to some fluctuations in the analysis of the 176 results [37] . Additionally, the sample has to be large enough to ensure its log-normality distribution, 177 performance to check the log-normality. 181
Results
182
Combustion studies
183
The in-cylinder pressure and heat release rate for B33 are overlapped with respect to those 184 obtained under gasoline fueling at 35Nm (Figure 2 (a) ). In addition, the MFB50% timing was kept 185 identical (Figure 3 (a) ) by slightly advancing the spark timing (Table 3) , so comparisons of the two 186 fuels engine-out emissions can be made based on their chemistry. It has been previously reported that 187 the higher flame speed of butanol promotes stable combustion and improves the degree of constant 188 volume heat release [34] . However, at this engine load, it seems that the fuel physical properties (i.e. 189 viscosity and enthalpy of vaporization) dominate over the faster laminar burning velocity of butanol 190 (Table 2 ) resulting in advanced spark timing (2.25ᵒ CAD) to achieve the same MFB50% (Figure 3 For the medium engine load of 60 Nm, the in-cylinder peak pressure and heat release rate of B33 195 were slightly higher compared to gasoline, which is in agreement with the results reported earlier in 196 literature [12, 22, 36, 39] , at a comparable combustion phasing (Figure 3 
214
Figure 6 (a) shows that the EGR enhances the BSFC for both fuels, in agreement with the 215 literature [8, 32] . When EGR is used, the throttle valve must be further opened in order to maintain the 216 oxygen level at stoichiometric ratio and therefore, the pumping losses are reduced. In all cases, the 217 BSFC of B33 combustion was higher in comparison to gasoline combustion. The brake thermal 218 efficiency, which is inversely proportional to the BSFC, and considers the lower heating value of the 219 fuel blends is shown in Figure 6 (b). There are no significant differences in the indicated thermal 220 efficiency which concludes that the higher BSFC in the case of the B33 blend is due to the lower 221 energy density of butanol compare to gasoline [36] . 222
As it can be observed from the reduction of the exhaust gas temperatures (Figure 7) , EGR brings 223 the in-cylinder temperature down, enabling a reduction of the heat losses to the coolant and 224 surroundings, and contributing in further improvements of the brake thermal efficiency (BTE) [22, 225 32] . Thus, EGR enhances BTE (Figure 6 (b) ) for the gasoline and B33 combustion at both engine 226 loads. Although B33 worsens the BSFC compared to gasoline, the higher heat of vaporization of B33 227 can improve the volumetric efficiency and reduce the heat losses to the coolant and surroundings. The 228 physicochemical properties of butanol in gasoline blend is reflected in a BTE similar than for gasoline 229 as the differences are around 1% at both engine conditions (Figure 6 (b) ). its shorter carbon chain length are promoting higher oxidation rates to CO 2 , the poor butanol spray 240
and mixing properties at low load inhibit this oxygen effect, increasing CO emissions [40] through 241 incomplete combustion. A significant decrease in THC and CO is noticeable at 60Nm (Figure 9 ) with 242 the combustion of B33 compared to gasoline. The greater combustion stability, as it can be observed 243 from the COV of IMEP and, higher combustion temperature and heat release rate may be the reasons. 244
The exhaust gas temperature of B33 at 60Nm raised by nearly 10 °C (Figure 7 ) with respect to 245 gasoline combustion, which is an indication of higher in-cylinder temperature for B33. This resulted 246 in a THC and CO reduction of 12.6% and 4%, respectively, as greater oxidation rates of the THC can 247 be achieved during the combustion and exhaust stages. 248
The in-cylinder pressure increases with EGR, and as a result, the fuel is forced into the piston 249 ring crevices that then is released as unburnt HC emissions during the exhaust stroke [7] . 250 Furthermore, the reduction of combustion temperatures induced by the addition of EGR led to lower 251 heat release and combustion stability. This promotes lower oxidation of THC during the combustion 252 process and exhaust stroke. In addition, the lower mixing time available for fuel-air mixture due to 253 spark timing advance (a total average of 50 CAD advanced, see Table 3 ) can also result in poorer 254 mixture preparation, which worsens the oxidation of THC [32] for both fuels. The combustion of 255 gasoline at maximum EGR produced higher THC concentration for both engine conditions, even 256 when the stability and exhaust temperature was less favourable for B33. This effect has been reported 257 in literature for EGR rates up to 20%, THCs were found to decrease with the increasing bio-alcohol 258 content [22] . CO emissions were generally reduced with EGR addition compared to baseline 259 combustion for both fuels and engine conditions. A reason could be the reduction of liquid fuel B33; however, no significant reduction was seen at 60 Nm. At low load, the exhaust gas temperature 269 of both fuels ( Figure 7) were the same, which can indicate a narrow difference of in-cylinder 270 temperature (source of thermal NOx formation). However, the exhaust gas temperature is not a direct 271 measurement of the in-cylinder temperature, and no accurate prediction can be made based on an 272 insignificant difference in exhaust gas temperature. Thus, it is thought that butanol's lower adiabatic 273 flame temperature of B33 could reduce the local combustion temperatures compared to gasoline, 274 being the reason for slightly NOx reduction [36, 42] at 35Nm. In addition, the marginally lower heat 275 release rate at the end of the combustion phase could potentially reduce the NOx emissions with 276 respect to gasoline. On the other hand, the reason for the lack of effect of B33 at 60 Nm could be the 277 better homogenisation and stability, enabling to gain higher combustion temperature and heat release 278 rate (Figure 2) as it can be predicted through the exhaust temperatures (Figure 7 ) in this case [14] . 279 EGR reduces NOx emissions for both fuels. The general reason is the higher overall heat 280 capacity in the combustion chamber limits the combustion temperature, and consequently the thermal 281 NOx formation rate. Comparing both engine conditions and fuels at maximum EGR, there was a clear 282 B0 Baseline B0 max EGR B33 Baseline B33 max EGR reduction in NOx of 37% at 60Nm by B33 (Figure 9 ), while there was not benefit in reduction of NOx 283 at low load (Figure 8) . Assuming that the in-cylinder temperature with EGR is lower in both engine 284 conditions for B33, which is reflected in exhaust gas temperature (Figure 7) , it could be thought that 285
NOx emission for B33 must be lower than in the gasoline case. However, this is not observed in both 286 engine conditions. The high viscosity of butanol together with the low injection pressure at 35Nm 287 worsens the spray pattern and hence, the air-fuel mixture quality. Consequently, the combustion of 288 B33 is more unstable compared to gasoline at low load. This has been reported to promote diffusive 289 flames (precursor of NOx emissions), and as a result, inhibiting the favourable influence of the 290 cooling charge effect of B33 for NOx inhibition [28] . 291 
292
The combustion of B33 provided a reduction in CO 2 emissions at both loads when compared to 293 gasoline. The decrease in CO 2 emissions with the butanol blend is due to the higher H/C and O/C ratio 294 of B33 with respect to gasoline fuel. The CO 2 reduction is more noticeable at low load which could be 295 attributed to a lower conversion of THC to CO 2 due to the lower combustion efficiency and lower 296 carbon fuel content. With EGR, CO 2 experienced a reduction for both fuels. The EGR improved 297 BSFC (Figure 6 (a) ) and, consequently; a lower mass of fuel is needed to maintain the engine 298 operation condition. In addition, the incomplete combustion of THCs, which increases its emissions, 299 may be another cause of CO 2 reduction. At both conditions with EGR, B33 produced lower CO 2 300 B0 Baseline B0 max EGR B33 Baseline B33 max EGR emissions, which can be again ascribed to its higher H/C and O/C ratios and improved volumetric 301 efficiency due to the greater cooling charge effect with respect to baseline operation. 302
PM Emissions
303
Particle number size distribution from the combustion of B33 and gasoline with and without the 304 addition of EGR at maximum rates are plotted in Figure 10 . At low engine load (Figure 10 (a) ) during 305 baseline combustion, a unimodal particle distribution. Firstly, B33 provided a significant reduction in 306 particle concentration compared to gasoline, accounting for 60% when the peak was considered at 307 35Nm. At this engine condition, gasoline particle size distribution is displaced to larger diameters 308 with respect to B33 results. The combustion of B33 presents a peak governed by nucleation mode 309 particles with the geometric number mean diameter (GNMD) being at 30nm, exhibiting a reduction in 310 size, mass and number of particles relative to gasoline. The accumulation mode of particles has a 311 close relation to the polycyclic aromatic hydrocarbons (PAHs) as it has been reported in literature [1, 312 3, 43, 44] . Thus, the addition of butanol to the gasoline, reduces the aromatics content in the fuel 313 blend, and consequently, the number of particles with high GNMD is decreased, favoring the 314 increased number of nuclei particles [39] . In addition, the presence of oxygen as part of the alcohol 315 fuel reduces the soot formation rate and enlarges the oxidation rate during the combustion process. 316
Hence, the reductions of number and GNMD for B33 combustion decrease the number of interaction 317 between the particles, leading to lower surface growth, coagulation and aggregation processes, and 318 therefore the presence of large hydrocarbons for the formation of the accumulation mode particles 319 decreases. 320 Similar results were found at 60 Nm (Figure 10 (b) ), but in this case the reduction in the peak of 321 the particle distribution was even more notable, accounting for 81% with respect to gasoline. This 322 engine condition promoted a more homogeneous air-fuel mixture for B33, which resulted in higher 323 combustion efficiency and stability (Figure 4 ). This enhancement in the stability was reflected in 324 higher in-cylinder pressure and heat release that indicate higher combustion temperatures shown by 325 exhaust gas temperatures in (Figure 7) . Therefore, the soot and THC oxidation rate is increased, 326 enabling a greater difference between gasoline and B33 at 60Nmwith respect to 35Nm. 327 329 A general reduction of particle number and size was achieved under EGR conditions. A 330 reasonable explanation for lower PM formation can be attributed to the fact that EGR generally 331 improves engine efficiency and fuel consumption ( Figure 6 ). Therefore, for a given engine load, less 332 fuel is required into the cylinder compared to baseline condition, leading to proportionally less PM 333 being formed [31] . For both fuels and conditions tested, the particle distribution peak shifts towards 334 smaller particles sizes with the introduction of EGR, indicating a growth in proportion of finer 335 particles in benefit of the reduction in particulate mass. The application of EGR led to a 15-20% 336 reduction in the particle concentration peak of the distribution for both fuels and engine operating 337 conditions. Furthermore, the temperature was reduced by EGR, and consequently primary carbon 338 particles formed by thermal pyrolysis and dehydrogenation reaction of fuel vapor may have been 339 decreased [45] . The consequence is that overall concentration decreased with EGR for both fuels. 340
Primary Particle Diameter (d p0 ) Analysis
341
As reported in the previous sections, the butanol blends reduce considerably the concentration of 342 PM independently of the engine condition and the size of the final agglomerate. Gasoline PM presents 343 aciniform-shape formed by several nearly spherical primary particles. In this section, an analysis of 344 the effect of butanol in the primary particle diameter (d p0 ) has been performed at 60Nm/2100rpm, in 345 which the PM concentration was more significantly reduced. particles collected from the GDI engine exhaust for both fuels is shown in Figure 11 . Previous studies 347 reported the presence of different types of particles in GDI engines: i) nearly-spherical HCs droplets, 348
ii) solid spherules as small as 6 nm, iii) 'wet' diesel-like particles and iv) 'dry' diesel like particles 349 [46, 47] . These types of particles were also found in B33 in this research work. in-cylinder temperature (as the exhaust temperature trends also indicates) that could increase the rate 356 of particle formation (although also the rate of oxidation), favoring the formation of primary particles 357 with higher diameters [23] . However, the presence of oxygen in B33 seems to counteract this effect, 358 maintaining the size of the formed primary particles the same as the ones recorded from the gasoline 359 combustion. The oxygen content in bio-alcohols fuels can reduce the soot formation rate and enhance 360 the formed particles oxidation rates during the combustion process, [21] . These results are similar 361 than the found for diesel bio-alcohol fuels combustion as reported in literature [48, 49] , where in these 362 cases, bio-alcohols even showed slightly lower primary particles diameters due to the oxygen content. 363 Therefore, the oxygen content in B33 is likely to be helpful to limit the rate of primary particles 364 formation. 365 Additionally, the mean primary diameter and standard deviation achieved from the primary 368 particles size distribution for B33 and gasoline are plotted in Figure 13 . The average diameter for B33 369 was in 28.96 nm while gasoline showed a diameter 29.1 nm, which was also found in our previous 370 work for gasoline [23] . B33 formed a slightly smaller primary particle but the standard deviations 371 overlap. Therefore, it can be concluded that the differences in primary particle diameter are negligible 372 in this study. 373 
Summary of Results
375
The effect of B33 with and without EGR are shown in Table 4 , to present qualitatively the 376 benefits of B33 in comparison to gasoline baseline combustion. 377 log(dp 0 ) Gasoline B33 dp 0 (nm) 
Conclusions 381
The effect of butanol 33% v/v in EN 228 commercial gasoline containing ethanol 5% v/v (B33) 382 and EGR rate on combustion characteristics and regulated emissions in a multi-cylinder GDI 383 production engine has been investigated. The influence of the butanol addition on the engine 384 combustion characteristics and emissions was dependent on engine operating (i.e. load) conditions. 385
At low engine loads, butanol's physical properties (e.g. high viscosity) are more influential on the 386 combustion performance than its chemical properties (e.g. higher flame speed). Consequently, the 387 combustion of B33 was observed to be more unstable due to the deteriorated fuel spray atomization 388 and in-homogeneous air-fuel mixture, also contributing to the marginally increased carbon monoxide 389 emissions. Conversely, butanol's shorter carbon chain and its oxygen content help to reduce the rest 390 of the emissions. As the engine load was increased, and hence the fuel injection pressure, the 391 combustion performance of B33 was improved through greater air-fuel mixture quality and 392 potentially improved spray atomization; that was reflected in an overall reduction of gaseous and 393 particulates matter emissions. 394
Transmission Electron Microscope (TEM) analysis showed that B33 did not increase the 395 primary particle diameters, even when the in-cylinder temperature was higher. This confirmed that 396 the oxygen content of butanol could limit the rate of soot formation and at the same time promote soot 397 oxidation. Therefore, in terms of the obtained soot agglomerate surface area to volume ratio, gasoline 398 to reduce most of the legislated emissions in both engine conditions, while maintaining engine brake 401 thermal efficiency (BTE) . 402
The addition of EGR provided a general improvement of BTE and brake specific fuel 403 consumption (BSFC) for both fuels and was beneficial to B33 since greater engine-out emissions 404 reduction was achieved. 405
The research work presented here has shown that high percentages of butanol in gasoline blends 406 combined with EGR technology can be a potential solution in GDI engines for reducing legislated 407 emissions while maintaining the BTE compare to gasoline. However, it is anticipated that the 408 calibration and injection systems of the engine would have to be adapted to minimize its limited 409 performance at low loads, since the physical properties can predominate over its advantageous 410 chemical properties. 411
